We propose and verify the use of the power spectral density of the FM noise spectrum to study the phase noise relationship between the four-wave mixing components.
Introduction
Laser phase noise is a characteristic that determines the quality of the signal, when information is encoded onto both the phase and amplitude of the optical carrier as is the case for advanced modulation formats. When four-wave mixing (FWM) process is used for all-optical wavelength conversion of advanced modulation formats, it is important to know the phase noise transfer from the mixing frequencies to the generated frequencies. R. Hui and J. Zhou have studied the phase noise increase due to FWM for the partiallydegenerate and non-degenerate case in terms of optical linewidth [1, 2] . We have proposed a dual correlated pumping technique that prevents the phase noise increase due to FWM [3, 4] . The phase noise of an optical source has frequency dependent and independent contributions [5] . These are not identifiable in the conventional linewidth measurement techniques [6] . A more basic quantity is the power spectral density (PSD) of the FM noise spectrum, where the frequency dependent and independent contributions are clearly distinguishable. We propose and verify the phase noise relationship between the FWM components using FM noise instead of linewidth as the metric. PSD of the FM noise spectrum of different FWM components are compared to the predicted values when one of the mixing frequencies have very high frequency dependent phase noise. The experimental results presented are those for a partially degenerate scheme, but similar relationships holds good for non degenerate scheme given in [2] and the dual correlated pumping scheme given in [3] .
Theory
Four-wave mixing (FWM) is a third order nonlinear process where three frequencies (ω pump−1 , ω pump−2 and ω signal ) mix in a nonlinear medium, generating two more frequencies (ω Stokes at the lower frequency side and ω anti−Stokes at the higher frequency side). When ω pump−1 = ω pump−2 = ω pump , then the process is referred to as partiallydegenerate FWM. The spectral representation of this scheme is given in Fig. 1 .
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May 11, 2014 The relationship for linewidth given in [1] and [2] is derived from the phase-error variance of the FWM components and is true only for the frequency independent (white) phase noise. This linewidth relationship is given by [1] ,
When frequency dependent phase noise is dominant, like in the case of SG-DBR lasers [8] , the linewidth and phase error variance are not linearly related and hence the relations given in [1] and [2] no longer holds good. The linewidth relationship when the frequency dependent phase noise is dominant is given by [4] ,
The choice of Eq. 1/Eq. 2 over Eq. 3/Eq. 4 (or vice versa) is not clear when the proportion of these two types of phase noise is different in the lasers. This becomes very important (and difficult to predict) in an optical network where there are multiple wavelength conversions occurring with signal/pump having different proportions of frequency independent and dependent phase noise. This issue can be resolved if we use a more basic quantity -PSD of FM noise, for quantifying the phase noise of the FWM components. We find that the relationship derived using the PSD of FM noise is independent of the type of phase noise and hence is a general phase noise relationship.
When ω pump < ω signal , the FM noise (S F (f )) relationship between the FWM components for the partially-degenerate scheme is given by,
The phase error variance and the PSD of the FM noise is related by [5] ,
Hence the phase error variance relationship and the FM noise relationship between the FWM components should be the same. Equation 7 is generally true irrespective of the type of the phase noise. In the next section, we experimentally verify that the FM noise relationships given in Eq. 5 and Eq. 6 is true at all frequencies (f ) of the FM noise spectrum and hence independent of the type of phase noise. Figure 2 shows the schematic of the experimental setup to study the FM noise relationship between the FWM components for the partially-degenerate FWM scheme. Light from the lasers (Laser -1 and Laser-2) are combined using a 3 dB coupler and passed through a SOA where the FWM occurs. Polarization controllers (PC) are used for best conversion efficiency. The output of the SOA is filtered and taken through a 90:10 coupler to analyze the FWM components separately. The 10% output of the coupler is used for monitoring the spectrum using an optical spectrum analyzer (OSA). 90% is used for coherent phase noise measurements [7] . Figure 3 shows the experimental results. Figure 3(a) shows the variation of S F (f ) as a function of pump power at the low frequency (or frequency dependent phase noise) region (at approximatley 10 MHz in Fig. 3(c) ). Figure 3(b) shows the variation of S F (f ) as a function of pump power at high frequency (or frequency independent phase noise) region (at approximately 240 MHz in Fig. 3(c) ). Continuous lines in Fig. 3(a) and Fig. 3(b) is obtained by doing a fit on the expected Stokes and expected anti-Stokes S F (f ) values. The expected Stokes and expected anti-Stokes is obtained by substituting the experimental results of S F (f ) of signal and pump in Eq. 5 and Eq. 6 respectively. Figure 3(c) shows the PSD of the FM noise spectrum of the different FWM components. The SG-DBR laser used here as the pump has higher frequency dependent phase noise, hence is used to study whether the FM noise relationships given in Eq. 5 and Eq. 6 3 is dependent/independent of the type of phase noise [8] . The continuous lines in Fig.  3(c) are obtained using the relationships given in Eq. 5 and Eq. 6 and it is clearly seen that expected results follow the experimental results at the low frequency (frequency dependent phase noise) region as well as the high frequency (frequency independent phase noise) region. 
Experimental setup

Results
Conclusions
The linewidth relationships between the FWM components detailed till date holds good only in systems where either the frequency independent or frequency dependent phase noise is dominant, and not otherwise. The linewidth relationships are different in these two regimes. We propose the use of power spectral density of FM noise as the metric to study phase noise relationships between the different FWM components, instead of linewidth. We verify that the FM noise relationship between the FWM components is independent of the type of phase noise and hence is a general phase noise relationship. The proposed relations holds good even when the proportion of frequency independent and dependent phase noise is unknown. The proposed generalized phase noise relations would be more relevant than the linewidth relations in the context of wavelength conversion in coherent optical communication systems.
